The formation of memories relies in part on plastic changes at synapses between neurons. Although the mechanisms of synaptic plasticity have been studied extensively over several decades, many aspects of this process remain controversial. The cellular locus of expression of long-term potentiation (LTP), a major form of synaptic plasticity, is one of the most important unresolved phenomena. In this article, some recent advances in this area made possible by the development of new imaging tools are summarized. These studies have demonstrated that LTP is compound in nature and consists of both presynaptic and postsynaptic components. Some features of presynaptic and postsynaptic changes during compound LTP are also reviewed. NEUROSCIENTIST 14(6):598-608, 2008.
The survival of individual organisms often depends on behavioral adaptation. Encountering a novel stimulus or circumstance may elicit a particular behavior, and subsequent responses to the same stimulus may then be altered for minutes, days, or even years. Change in behavior resulting from experience is an operational definition of learning, and the importance of learning to an organism's survival is obvious when we observe animal behaviors as diverse as aggressive displays, mating rituals, and feeding strategies. Neuroscientists believe that behavioral adaptation is linked to changes in patterns of communication between neurons resulting from previous synaptic activity and that learned behaviors are therefore the sum of changes at the synapse level, many of which may last a lifetime.
As early as the 1940s, clinical observations enabled investigators to link human memory dysfunction to the hippocampus (Scoville and Milner 1957; Olds 1972) and develop hypotheses about learning and memory at the neuronal level (Hebb 1949) . These two factors stimulated research in the field of synaptic plasticity in the mammalian brain. Bliss and Lomo, while recording postsynaptic responses in the hippocampus of an anes-thetized rabbit, demonstrated a pattern of enhanced neuronal responses that persisted for several hours after a single high-frequency tetanization of cortical afferents (Lomo 1966; Bliss and Lomo 1973) . They recognized that such a signaling enhancement, now known as longterm potentiation (LTP), could serve as a cellular substrate for information storage (Bliss and Lomo 1973) .
Since Bliss and Lomo conducted those first studies, more than 8000 papers on LTP mechanisms have appeared in the literature, as other groups have continued to explore this area. Demonstrations of many other forms of synaptic plasticity have also provided compelling evidence that neurons can alter their synaptic efficacy along a wide continuum of stimulus parameters and retention times. Thus, synaptic plasticity may be the rule throughout the brain, rather than the exception. Research has now shown that LTP (or LTP-like plasticities) occurs in all major cortices, the cerebellum, midbrain, brainstem, and peripheral ganglia. Furthermore, synaptic plasticity is not limited to only the excitatory neurons of the brain, as evidenced by the fact that inhibitory interneurons also express LTP (Kullmann and Lamsa 2007) .
In the beginning of the LTP era, the explanation for this phenomenon was intuitively simple. The increased synaptic strength that occurs during LTP should arise from increased neurotransmitter release, originate from a postsynaptic cell that becomes more responsive to the same amount of neurotransmitter, or both. Surprisingly, this issue that was once thought to be "simple" still has not been resolved, and unfortunately has remained a great source of controversy for the LTP field. Although we still cannot claim complete clarity on this issue as we write this review, our understanding of LTP (and how to study LTP) is vastly better than it was previously, when the condition of the field was pronounced by some investigators as "frustrating" or "embarrassing." As seen in other scientific areas, we owe this progress to the availability of novel technologies that have allowed us to examine LTP with unprecedented levels of detail.
As each new tool to investigate LTP has emerged, opinions in the field have been swayed, favoring either a presynaptic or postsynaptic origin of LTP. First, advances in whole-cell recording and quantal analysis indicated that presynaptic mechanisms predominate LTP. The subsequent availability of high-resolution imaging and the capability of manipulating genes of interests boosted the theory that LTP originates at postsynaptic neuronal compartments, which are easier to image and manipulate than presynaptic counterparts. Indeed, the combination of whole-cell recording from postsynaptic neurons and two-photon imaging of dendritic spines, the small protuberants that are the sites of excitatory input, has provided much clarity about what happens in the postsynaptic compartment during LTP. In contrast, the presynaptic sites are considerably more remote from the cell body and are much harder to manipulate; therefore, data on the presynaptic contribution to LTP are substantially more scarce.
It is not surprising that the accumulation of postsynaptic data predispose current thinking toward that site's contribution, as evidenced by synaptic plasticity review papers published during the last several years (Baudry and Lynch 2001; Malinow and Malenka 2002; Bredt and Nicoll 2003; Malenka and Bear 2004; Cavazzini and others 2005; Segal 2005; Raymond 2007 ). However, although we understand quite a bit about postsynaptic mechanisms of LTP, the complete picture is far from clear. Do presynaptic mechanisms of LTP not exist, or are we simply unable to study them? With better imaging tools and better probes to study presynaptic function on the horizon, we are optimistic that we will answer this question, and the two pieces of the LTP puzzle will be joined.
Although many reviews have been written on postsynaptic mechanisms of LTP, reviews of the presynaptic mechanisms of LTP are rare in the literature. We will therefore focus this review on the tools that are (or soon will be) available to study changes in presynaptic function during LTP.
LTP Refers to Different Phenomena
As one surveys the vast literature on LTP, it becomes clear that the term is now applied to various phenomena with distinct cellular and molecular mechanisms. Since the first characterization of hippocampal LTP by Lomo and Bliss, use-dependent potentiations have been described in other parts of the central nervous system. It quickly became apparent that these LTPs may differ. The brain region, the neuron type in that region, and the types of inputs that synapse on a particular neuron type are all major determinants of the type of LTP. Furthermore, the technique used to prepare or isolate the neurons for study (dissociated neurons in culture vs. brain slice preparation) and the protocols used to induce LTP can influence findings and sometimes provide opposite results, even at the same synapse.
Within the hippocampus, LTP occurs at multiple locations and uses different mechanisms. The excitatory synapses between CA3 and CA1 pyramidal neurons (CA3-CA1 synapses) in the hippocampus have received the majority of attention from LTP researchers, because of the availability of a brain slice preparation in which LTP at these synapses is robust and can be studied with relative ease via extracellular field recordings. LTP here closely parallels the model for cellular learning and is analogous to the form of learning seen in classical conditioning (Hebb 1949) . Therefore, to limit the scope of this review, we will restrict most of our discussion to the LTP mechanisms of CA3-CA1 synapses.
Stimulation Protocols: Timing Is Everything
From the very beginning of the LTP era, researchers have tried to find stimulation (i.e., induction) protocols that closely resemble neuronal activity in the intact brain. The original stimulus protocol used by Bliss and Lomo in the anesthetized rabbit preparation ranged from 10 to 100 Hz (Bliss and Lomo 1973) . Since that time, a variety of LTP induction protocols from different research groups have emerged in the literature. Most involve high-frequency trains of stimulation (tetanization) that are delivered to presynaptic axons. The tetanization typically lasts several seconds and is delivered at frequencies of 25 to 400 Hz. To mimic hippocampal activity recorded in awake or sleeping animals, Larson and others developed the theta-burst stimulation (TBS) protocol, which also effectively produces LTP (Larson and others 1986) . Similar to tetanization, TBS is delivered to axons but with a more complex pattern. It usually consists of a short burst of five pulses delivered at 100 Hz. Multiple bursts are applied at 5 Hz and may be repeated several times to create a sequence, which may be repeated two to three times over a 10-to 15-minute time frame. The total number of stimuli in all of the above-mentioned protocols varies from as few as 100 to more than 1000.
The alternative to tetanization or TBS approaches is to induce LTP by time-locked depolarization of the postsynaptic cell and stimulation of the presynaptic afferent (Wigstrom and Gustafsson 1986) . This approach allows precise temporal manipulation of both presynaptic and postsynaptic neurons, as opposed to tetanic stimulation or TBS, which induce LTP as a form of spiketiming-dependent plasticity (Dan and Poo 2004) . To induce LTP using the time-locked depolarization protocol, low-frequency (typically 0.1-1 Hz) presynaptic stimulation is paired with the postsynaptic depolarization of CA1 neurons via intracellular current injection.
Until recently, LTP was treated as a simple, singlecompartment phenomenon. Consequently, all induction protocols that increased synaptic strength were considered equivalent tools to achieve LTP. Moreover, the LTP field adopted the dogma that regardless of the induction protocol, LTP at CA3-CA1 synapses depended on the activation of N-methyl-D-aspartate (NMDA) receptors (NMDARs). We now realize that this dogma should be amended.
In a comparison of stimulus frequencies, Grover and Teyler discovered that at CA3-CA1 synapses, LTP induced by the 200-Hz tetanization was only partially blocked by NMDAR antagonists (Grover and Teyler 1990) . Surprisingly, at the same synapses, LTP elicited by 25-Hz tetanization was completely blocked by an NMDAR antagonist. Thus, two components of LTP were identified: NMDAR-dependent LTP (NMDAR-LTP) and NMDAR-independent LTP. Induction of both forms of LTP (induced by either 200-or 25-Hz tetanizations) was blocked by dialyzing the postsynaptic neuron with calcium chelators (Grover and Teyler 1990) . This finding suggested that calcium influx into the postsynaptic neuron initiates the induction of both forms of LTP. However, the pathways of calcium influx were different, that is, NMDAR-LTP uses the NMDAR pathway, and NMDAR-independent LTP uses the L-type voltagegated calcium channels (L-VGCCs) (Grover and Teyler 1990) , specifically Ca v 1.2 L-type Ca 2+ channels (Moosmang and others 2005) . These studies showed that LTP is not a unitary phenomenon, even at a single synapse, but rather is a group of plasticities. It was therefore proposed that multiple forms of LTP induced at a single synapse be called "compound LTP" (Grover and Teyler 1990) . Later studies showed that not only different tetanizations but also different TBS protocols can produce NMDAR-LTP and NMDAR-independent LTP at CA3-CA1 synapses. Specifically, short versions of TBS induce NMDAR-LTP, and a long version of TBS induces compound LTP (Morgan and Teyler 2001) .
Does calcium entering the postsynaptic cell through two different paths affect the expression of LTP? Are NMDAR-LTP and compound LTP different degrees of the same process that depends on the concentration of calcium in the postsynaptic cell, or are they controlled by two different mechanisms? Recent data unequivocally indicate that NMDAR-LTP and NMDAR-independent LTP are two different processes that involve distinct molecular mechanisms. An earlier pharmacological study showed that the expression of NMDAR-LTP depends on the activation of serine/threonine kinases, whereas NMDAR-independent LTP also requires the activation of tyrosine kinases (Cavus and Teyler 1996) . Recent data have shown even more profound molecular differences between these forms of LTP. NMDAR-independent LTP requires brain-derived neurotrophic factor, mitogen-activated protein kinase, and protein kinase A for its expression, whereas NMDAR-LTP is substantially less sensitive to the disruption of signaling involving these molecules (Zakharenko and others 2003; Moosmang and others 2005; Bayazitov and others 2007) .
It is now apparent that the two forms of LTP are expressed at different cellular loci of the CA3-CA1 synapse. Using advanced imaging technologies, we have shown that NMDAR-LTP is expressed strictly postsynaptically, whereas NMDAR-independent LTP is expressed presynaptically (Zakharenko and others 2001; Bayazitov and others 2007) . Thus, compound LTP requires the engagement of both presynaptic and postsynaptic neurons. These findings have important ramifications.
First, not all induction protocols that produce LTP should be treated equally. Second, the LTP produced by most induction protocols (unless specifically addressed) is compound LTP, with varying degrees of "contamination" of NMDAR-independent LTP.
The presence of two forms of LTP in hippocampal slices is not an "artificial" phenomenon; it has important behavioral consequences. NMDAR-LTP is important for certain forms of learning and memory (Morris and others 1986; Tsien and others 1996) . However, inhibition of NMDARs only partially impairs spatial learning in tasknaive animals, and pretraining in a spatial task overcomes the inhibition induced by NMDAR antagonists (Bannerman and others 1995) . Several studies have shown that pharmacologic or genetic blockade of L-VGCCs, which mediate NMDAR-independent LTP, severely impairs hippocampus-dependent spatial memory (Borroni and others 2000; Moosmang and others 2005) . Thus, both components of compound LTP are important for learning and memory.
It is also becoming clear that the existence of two forms of LTP at the same synapse is not a mechanism of LTP redundancy. NMDAR-LTP and NMDAR-independent LTP differ not only in their mechanisms and synaptic locus but also in their time course of expression. Recent data indicate that NMDAR-LTP develops rapidly (within the first minutes) and is stronger during the first hours after induction, whereas NMDAR-independent LTP develops substantially slower and is stronger during later times after induction (Bayazitov and others 2007) . Behavioral experiments have confirmed the significance of this finding: NMDAR-independent LTP is necessary for the retention of information over longer times, whereas NMDAR-LTP is needed for memory retention over shorter times (Borroni and others 2000) .
Advances in Tools to Analyze LTP
What tools do researchers have to directly and objectively gauge either presynaptic or postsynaptic functions and monitor them during the course of LTP? Initial attempts were made to dissect presynaptic and postsynaptic functions by using the classic electrophysiological approach. Unfortunately, that approach has inherent limitations that resulted in a variety of interpretations and, as a consequence, long-lasting debates. Two electrophysiological methods were (and still are) used to dissect the contributions of presynaptic neurons in LTP: quantal analysis and pair-pulse facilitation (PPF).
Quantal analysis was introduced to search for presynaptic mechanisms (Katz 1971) . Initial studies using either minimal stimulation of or paired recordings from single CA3 or CA1 neurons showed that the number of failures of the AMPA receptor (AMPAR)-mediated postsynaptic response significantly decreased after LTP induction (Malinow and Tsien 1990; Bekkers and Stevens 1990; Bolshakov and Siegelbaum 1995) . According to the assumptions of quantal analysis, this finding indicates an increase in the probability that a presynaptic action potential elicits the release of quanta of neurotransmitter. However, this interpretation was later called into question by the observation that the number of NMDAR-mediated synaptic failures was much lower than that of AMPAR responses, and induction of LTP caused little decrease in the number of NMDAR failures (Nicoll and Malenka 1999; Malinow and others 2000) . Furthermore, LTP stimulus protocols induced the rapid appearance of synaptic responses that could be blocked by AMPAR antagonists (Liao and others 1995; Isaac and others 1995) .
The "silent synapse" hypothesis offered an alternative explanation to these observations by proposing that a significant number of sites of synaptic transmission lack functional AMPARs but contain functional NMDARs. At the normal resting potential, NMDARs are blocked by magnesium; thus, synapses lacking AMPARs are functionally silent. Induction of LTP leads to the insertion of new AMPARs in the membrane, which greatly increases the number of synapses that contain AMPARs and decreases the number of silent synapses (Liao and others 1995; Isaac and others 1995) . Therefore, according to the silent synapse hypothesis, LTP is purely a postsynaptic phenomenon.
The PPF method is based on the observation that two stimuli delivered to the presynaptic axon in rapid succession (within 1 s) produce postsynaptic responses of different amplitudes, where the second response is larger. Although measured postsynaptically, it was agreed that the mechanisms of PPF are exclusively presynaptic (Foster and McNaughton 1991; Schulz and others 1994) . However, this assumption has also been challenged. Experiments with photolysis of caged glutamate have shown that PPF at CA3-CA1 synapses has a strong postsynaptic component (Bagal and others 2005) that presumably originates from relieving the polyamine block of the AMPARs lacking the glutamate receptor GluR2 (Rozov and Burnashev 1999) . Thus, the electrophysiological approach has not provided unambiguous monitoring of presynaptic function.
Efforts to discover more direct approaches to test the function of individual synapses and dissect presynaptic and postsynaptic functions have proven more successful with the advancement of imaging methods. Fluorescent markers can be used to visualize exclusively either a presynaptic terminal or a postsynaptic dendritic spine and are, therefore, more specific and less biased toward a postsynaptic cell than electrophysiological approaches. However, imaging synapses in hippocampal slices by using single-photon imaging tools such as epifluorescence or confocal scanning microscopy has proven to be challenging. The healthiest synapses are located at depths greater than 50 µm in the slice, where singlephoton imaging is ineffective. Thus, multiphoton laser scanning microscopy (MPLSM), which allows highresolution imaging several hundreds of microns deep into brain tissue, has become the imaging method of choice (Denk and others 1990) .
The first direct test of presynaptic function in hippocampal slices was done when MPLSM was combined with a fluorescent marker of synaptic vesicle cycling, FM 1-43 (Zakharenko and others 2001; Stanton and others 2001) . The existence of presynaptic LTP at CA3-CA1 synapses was confirmed by the less direct imaging method using optical quantal analysis of calcium transients in single dendritic spines (Emptage and others 2003) .
The Evolution of Fluorescent Probes of Presynaptic Activity
Interest in presynaptic mechanisms of LTP has been renewed with the advent of new probes designed to directly assay synaptic vesicle cycling. These probes include fluorescent lipophilic styryl dyes (such as FM 1-43), green fluorescent proteins (GFPs) with enhanced pH sensitivity (pHluorins), and fluorescent semiconductor nanocrystals (also known as quantum dots or Qdots).
FM 1-43 was first developed for optical analysis of synaptic vesicle recycling in the frog neuromuscular junction (Betz and Bewick 1992) . This dye is not fluorescent in aqueous solutions but becomes fluorescent in lipids. FM 1-43 is taken up into vesicles in presynaptic terminals during endocytosis triggered by presynaptic activity (Fig. 1A) . The dye is then released from the presynaptic terminal during a second round of synaptic stimulation, as vesicles fuse with the plasma membrane and release their contents via exocytosis. FM dyes are typically loaded into synaptic vesicles by triggering endocytosis using electrical stimulation, sucrose shock, or a high concentration of potassium. Exocytosis is then assayed by the rate of destaining (loss of fluorescence), as synaptic vesicles release the dye to the extracellular space ( Fig. 1B, C) . Additional probes have been developed with unique properties that expand the usefulness of FM dyes. For example, reducing the length of the bifurcated hydrocarbon tail from four carbons (as in FM 1-43) to two (FM 2-10) increases its membrane dissociation rate; however, increasing the hydrocarbon tail to five carbons (FM 1-84) decreases the dissociation rate (Ryan and others 1996) . FM 4-64 is a red-shifted fluorescent variant of FM 1-43 in which the ring structure has been modified (Ryan 2001) .
Studying presynaptic LTP in hippocampal slices by using FM dyes was challenging, because FM dyes nonspecifically bind to numerous membranous structures, which increases background fluorescence and reduces the visualization of targeted presynaptic boutons. This was alleviated somewhat by two methodological improvements: First, ADVASEP-7, a sulfobutylated derivative of β-cyclodextrin whose affinity for FM dyes is higher than that of plasma membranes, can be used to scavenge the dye from nonspecific extracellular binding sites (Kay and others 1999) . Second, sulforhodamine, a red-shifted fluorophore that when placed in close contact with FM 1-43 quenches FM 1-43 fluorescence, can be used to quench fluorescence of extracellular but not intracellular FM 1-43 levels (Pyle and others 1999) . Using these approaches, it became possible to see for the first time presynaptic changes that occurred during LTP in hippocampal slices (Zakharenko and others 2001; Stanton and others 2001; Zakharenko and others 2003; Stanton and others 2005) .
In the first of such studies, we directly showed that after induction of LTP, presynaptic terminals more effectively release neurotransmitter (Zakharenko and others 2001) . FM 1-43 destaining from individual presynaptic terminals was faster after induction of LTP than before it. Interestingly, this accelerated FM 1-43 destaining happened only when LTP was induced with either 200-Hz or TBS protocols (for induction of compound LTP) but not with the 50-Hz protocol (for induction of NMDAR-LTP; others 2001, 2003; Fig. 2) . Antagonists of L-VGCC, which only partially inhibited compound LTP and did not inhibit NMDAR-LTP, completely eliminated the acceleration of FM 1-43 destaining. These were the first results demonstrating that compound LTP consists of both presynaptic and postsynaptic components and that the presynaptic component depends on L-VGCC, whereas the postsynaptic component depends on NMDAR-LTP.
The FM assay in acute hippocampal slices was a big step forward in dissecting the presynaptic component of compound LTP at CA3-CA1 synapses. However, FM dyes had a serious limitation that precluded using them for more detailed experiments; that is, they cannot be used for continuous monitoring of presynaptic function because the dye is lost to the extracellular medium upon exocytosis. Consequently, if multiple measurements are desired, the loading procedure must be repeated. With the recent development of pHluorins, pH-sensitive GFP molecules linked to synaptic vesicle proteins, it is now possible to quantify the rates of presynaptic exocytosis and endocytosis with repeated measures (Sankaranarayanan and others 2000; Ryan 2001 ). As constructed by Miesenbock and others (1998) , ecliptic pHluorin molecules lose fluorescence as the pH decreases. By linking pHluorin to VAMP-2, a synaptic vesicle protein, Miesenbock and others created the probe synaptopHluorin (spH), which changes its fluorescence from low when it is inside the acidic lumen of synaptic vesicles to high when it become exposed to the extracellular medium during exocytosis. The probe then becomes reinternalized and reincorporated into synaptic vesicle membranes during the process of endocytosis, and fluorescence is again quenched with synaptic vesicle reacidification (Fig. 3A) .
The pHluorin-based indicators are genetically encoded, and animal models expressing these indicators are already available (Araki and others 2005; Li and others 2005; Tabares and others 2007) . Using mouse models that express spH in a subset of pyramidal neurons, investigators have monitored changes in presynaptic function over several hours, before and after the induction of LTP (Bayazitov and others 2007; Fig. 3B, C) . Simultaneously, changes were measured in postsynaptic potentials as a measure of total changes in presynaptic and postsynaptic responses. Changes in presynaptic function were continuously assessed as changes in peak spH fluorescence in individual boutons in response to test stimuli, and changes in postsynaptic function could be deduced as the difference between changes in postsynaptic potentials and spH fluorescence. This approach showed that after induction of compound LTP, peak spH fluorescence increased gradually (half-time of increase was approximately 35 minutes) and then plateaued approximately 90 minutes after LTP induction (Fig. 4A) . In contrast, changes in postsynaptic function were rapid (half-time of increase was approximately 1 minute). The increase peaked within several minutes after induction and decreased thereafter.
These experiments demonstrated that not only do two neurons participate in compound LTP, but also events in presynaptic and postsynaptic neurons are temporally separated. This double dissociation may help to explain many discrepancies in the LTP field: Testing roles of various biochemical cascades in LTP at different times (for instance, 30 minutes vs. 180 minutes, as has been done in many such works) after induction may provide diametrically different results. Thus, if a molecule of interest is involved in presynaptic mechanisms, its role will be more evident if tested at later times rather than during the first 30 minutes. Conversely, the contribution of postsynaptic mechanisms should be tested at earlier times. Therefore, the lack of an effect of a specific inhibitor or mutation on LTP at one time point should not be considered a final verdict, but rather it should be retested in a more systematic way.
Although the spH assay has proven useful in studying presynaptic changes during LTP in slices, a major drawback prevents using this indicator to measure the release of individual quanta. Specifically, spH has a high surface membrane expression (15% to 24%) that reduces the signal-to-noise ratio and thus interferes with the detection of membrane fusion events (Granseth and others 2006; Balaji and Ryan 2007) . Progress in the development of pHluorin-based fluorescent probes has increased the signal-to-noise ratio, now making it possible to assay neurotransmitter release in a presynaptic bouton evoked by single action potentials (Balaji and Ryan 2007 ). Granseth and others linked a pHluorin to the second intraluminal loop of the synaptic vesicle protein synaptopHhysin (sypHy; Granseth and others 2006) , which decreased surface expression of SypHy to 8% to 9% (Granseth and others 2006; Balaji and Ryan 2007) . Most recently, pHluorin has been fused to an intraluminal loop of the vesicular glutamate transporter protein VGLUT1 (Voglmaier and others 2006) . The level of VGLUT1-pHluorin (VGpH) expression on the surface is only 2%, which allows the visualization of strong fluorescent peaks attributable to exocytosis of a single synaptic vesicle (Balaji and Ryan 2007) .
Although these pHluorin probes allow for continuous monitoring of presynaptic exocytosis and endocytosis with surprising spatial and temporal resolution, their usage is not entirely limitless. All conventional fluorescent dyes are subject to photobleaching; therefore, repeated illumination of the dyes can result in eventual loss of fluorescence. Furthermore, converting fluorescent signals to high-resolution images suitable for electron microscopy is very challenging, especially in brain slices. A new class of biocompatible fluorescent probes, semiconductor nanocrystals or quantum dots (Qdots), provides strong fluorescence with broad absorption spectra and narrow emission spectra. Qdots have recently been used to fluorescently tag synaptic vesicles, and their fluorescent emissions are highly resistant to photobleaching (Zhang, Kaji, and others 2007) . Moreover, these probes do not require any additional processing to be visible by electron microscopy. Qdots have been recently loaded into synaptic vesicles of hippocampal neurons maintained in culture, thereby providing a proof of principle that Qdots are a new generation of probes that can be used for directly testing presynaptic function (Zhang, Cao, and others 2007) . Indeed, Qdots fluorescence showed a high degree (96.1%) of coincident labeling with FM dyes. Electron micrographs of presynaptic boutons demonstrated that one Qdot can label a single synaptic vesicle. Thus, if successful in slices, the Qdot method will provide three advantages over conventional fluorophores for testing presynaptic function: First, Qdots do not lose their fluorescence during prolonged illumination; second, they are easily visible with electron microscopy; and third, they indicate the exact number of stained synaptic vesicles. However, similar to FM dyes, Qdots should be repeatedly loaded into synaptic vesicles for continuous monitoring of presynaptic function.
In summary, the development of lipophilic styryl dyes, synaptic proteins tagged with pH-sensitive GFPs, and fluorescent Qdots has created a set of tools that can be used to directly gauge presynaptic function during LTP. These probes clearly identify properties and behaviors that are not the result of changes in postsynaptic function; therefore, they can be used to dissect presynaptic LTP from compound LTP. These probes are also being used to study the roles of specific molecules in presynaptic mechanisms of synaptic plasticity.
A Summary of LTP Mechanisms
LTP proceeds through several steps or phases that involve the activation of unique physiological processes. Tetanic stimulation leads to a calcium-dependent induction phase, which is then followed by expression and subsequent maintenance phases with two (early-and late-phase LTP; Malenka and Bear 2004) or three time constants of decay (LTP1, LTP2, LTP3; Raymond 2007) . Early-phase LTP (or LTP1) may last only 30 to 60 minutes and occurs independent of protein synthesis. Late-phase LTP (LTP2 and LTP3) involves protein synthesis. Raymond (2007) , who equated late-phase LTP with LTP2 and LTP3, distinguished LTP2 from LTP3 as follows: LTP2 requires protein synthesis but no change in gene transcription, and LTP3 requires both.
The induction of LTP requires specific activation of postsynaptic receptors that allow calcium into dendritic spines. Initially, NMDA receptors were identified as a major source of calcium influx during LTP induction (Collingridge 2003) . Postsynaptic calcium was determined to be a requirement for LTP, because intracellular injection of the calcium chelators into CA1 pyramidal neurons was sufficient to block LTP induction (Lynch and others 1983) . Activation of AMPARs during LTP induction provides sufficient depolarization to relieve the magnesium blockade of NMDARs and allow calcium influx. Therefore, in the older, "classical" version, calcium influx through NMDARs initiates the expression of LTP.
As we know now, LTP is not a unitary phenomenon, even during induction. In addition to NMDARs, dendritic spines have additional channels that allow calcium entry. Specifically, L-VGCCs allow calcium influx when dendritic spines are sufficiently depolarized. As discovered in 1990, "classical" NMDAR-LTP is only part of compound LTP, which depends on both NMDAR and L-VGCCs (Grover and Teyler 1990) . NMDAR-LTP and VGCC-LTP are independent phenomena and constitute two parts of compound LTP. Therefore, the previous view should be amended as follows: calcium influx through NMDARs leads to the expression of NMDAR-LTP, and calcium influx through L-VGCCs leads to the expression of VGCC-LTP. Enhanced calcium influx through these two pathways into dendritic spines leads to the expression of two independent forms of LTP (Fig.  5) . A great deal is known about the molecular mechanisms of NMDAR-dependent LTP, which has been discussed in numerous review articles. In summary, calcium-triggered activation of certain protein kinases leads to the redistribution of AMPARs (and/or enhancing their properties) in dendritic spines and eventually increases the sensitivity of dendritic spines to glutamate, boosting the response of functional synapses and converting "silent synapses" into functional synapses.
Because NMDAR-LTP was considered the only LTP at CA3-CA1 synapses for several decades, many scientists viewed all LTP-related mechanisms through the prism of the silent synapse hypothesis. Therefore, temporally distinct forms of LTP were viewed as strictly postsynaptic LTPs with different requirements for protein synthesis (Raymond 2007) . Most recent data have shown that LTP at CA3-CA1 synapses is compound in nature and consists of a rapidly developing postsynaptic component and slowly developing presynaptic component (Bayazitov and others 2007) . The degrees of expression of these two components depend on stimulation activity; therefore, they are inherently variable across studies because of the different induction protocols used. Low-frequency tetanizations (25-50 Hz) or a brief version of TBS induces postsynaptic NMDAR-LTP. Increased frequency of tetanization or duration of TBS "contaminates" this form of LTP with L-VGCC-dependent presynaptic LTP.
Given that most laboratories adopted 100-Hz tetanization as the primary induction protocol for their LTP studies, we should assume that those groups studied compound LTP. Therefore, temporally distinct phases of LTP associated with protein synthesis requirements in the postsynaptic neuron should be viewed as slow presynaptic phase and fast postsynaptic phase, with their own protein synthesis requirements. Given that postsynaptic LTP develops and declines quickly, and presynaptic LTP develops slowly and is sustained for a long period, we believe that presynaptic LTP is more sensitive to the production of new proteins. Because delivery of new proteins most likely depends on active transport from the soma along neurites, the focus of research in this area should be shifted toward axonal transport rather than dendritic transport.
Protein synthesis has also been implicated in morphological changes during LTP. Swelling of dendritic spines during LTP was detected via electron microscopy (Fifkova and Van 1977) . Initially, dendritic spine swelling (or dendritic spine expansion) was proposed as a phenomenon associated with the late phase of LTP, which depends on protein synthesis (Fifkova and others 1982) . However, recent MPLSM data indicate that spine expansion occurs within 2 minutes after LTP induction (Lang and others 2004) . Upon rediscovery, spine expansion was immediately called a "structural basis of LTP" (Matsuzaki and others 2001) , again assuming that LTP at CA3-CA1 synapses is postsynaptic in nature. It was thought that the insertion of AMPARs delivers new membrane material to a dendritic spine, thereby increasing its size. However, the increased size of dendritic spines does not directly correlate with increased postsynaptic potentials during synaptic plasticity (Lang and others 2004; Kopec and others 2006; Wang and others 2007) . This finding suggests that spine expansion does not solely serve postsynaptic purposes. As seen by many researchers, dendritic spine expansion during LTP consists of two temporal phases, a transient phase and a gradual phase. The transient phase is the most spectacular part of dendritic spine expansion in which the spine may grow four fold in 2 minutes and then slowly decline (Lang and others 2004) . This slow decline, which lasts from 20 minutes to many hours, is the gradual phase (Lang and others 2004; Matsuzaki and others 2004; Tanaka and others 2008) .
Protein synthesis is not involved in mechanisms of spine expansion when LTP is induced by tetanization or glutamate uncaging at dendritic spines (Lang and others 2004; Tanaka and others 2008) . The only evidence that protein synthesis is required for the gradual phase of dendritic spine enlargement came from a study in which LTP was induced by pairing glutamate uncaging with postsynaptic spikes (Tanaka and others 2008) . These data suggest that, in most cases, during LTP, protein synthesis is not required postsynaptically. Therefore, we assume that the role of protein synthesis is to sustain presynaptic LTP. Further experiments using direct presynaptic tools are required to either confirm or refute this hypothesis.
Spine expansion, especially during its robust transient phase, may mechanically affect the entire neuropil, including the synaptic cleft, which subsequently alters the concentrations of glutamate and extracellular modulators of synaptic function that influence LTP. But most importantly, the mechanical force exerted by dendritic spines may affect the cognate presynaptic terminal, thereby providing a link between postsynaptic and presynaptic LTP. The idea of a retrograde messenger mechanism was proposed at the very beginning of the LTP era. The postsynaptic induction of all LTPs at CA3-CA1 synapses (Lynch and others 1983; Grover and Teyler 1990) and partial presynaptic expression of LTP, by definition, requires a retrograde messenger. However, the identification of this mechanism was delayed, mostly because of the lack of adequate tools to directly gauge changes in presynaptic function during LTP. Initially, a chemical retrograde messenger was proposed. Several molecules (nitric oxide, BDNF, adhesion molecules, etc.) have been suggested (Fitzsimonds and Poo 1998) ; however, despite numerous efforts to prove their role in LTP, the presence of a retrograde messenger remains uncertain.
A perfect candidate for retrograde signaling during LTP must meet at least three requirements: 1) the retrograde signal must originate from the postsynaptic CA1 neuron; 2) it must transfer information from the activated dendritic spine to the presynaptic terminal; and 3) the signal must be spatially and temporally specific to enhance the function of the cognate presynaptic terminal. Dendritic spine expansion meets two requirements for a retrograde signal: Spine expansion originates from the postsynaptic neuron, and it is temporally locked to LTP induction and spatially restricted to a single synapse. However, several gaps in our knowledge must be filled before we claim that spine expansion is the retrograde messenger during LTP. Presynaptic terminals should be shown to possess mechanosensitive receptors that are activated by mechanical force during spine expansion, and this mechanotransduction mechanism should enhance neurotransmitter release. It is also conceivable that during this process mechanotransduction is accompanied by chemical mechanisms. We are confident that the rapid development of novel imaging tools will soon provide answers to these questions.
Future Directions
The recent development of novel presynaptic probes and imaging technologies has enabled us to dissect the presynaptic and postsynaptic components of LTP. Therefore, direct studies of the molecular mechanisms of LTP are now possible, on both sides of a synapse. The availability of these new methods and tools also directs the field to revisit the roles of molecules implicated in LTP by electrophysiological studies. We now look forward to studies that will examine LTP as a convolution of well-coordinated presynaptic and postsynaptic processes that independently strengthen the synapse.
